B io lo gic al O ce ano gr ap hy D iv ision, B e dfor d Institute of O c e ano g rap hy, Abstract. For plankton near the base of the euphotic zone in the oligotrophic Atlantic Ocean, the specific rates of increase for rH-amino acid uptake and [3H]thymidine incorporation were roughly equivalent to that for the fixation of inorganic 1aC in the dark. The observed net increase in bacterial abundance was of a magnitude appropriate to account for the measured fixation of laC in the dark. Growth of non-photosynthetic bacteria may therefore have a significant influence on values of 1aC measured in the light and dark. The interpretation of primary productivity experiments would be least difficult if incubations do not extend beyond a few hours so as to minimize the complications of declining chlorophyll a and increasing bacterial abundance.
Introduction
It has been suggested that many of the doubts and uncertainties surrounding the 'C-14 technique' can be traced back to the fact that measurements are made in the complete absence of precise information on the cellular biochemistry associated with the assimilation of the inorganic carbon (Morris, 1980) . In particular, he was concerned about the convention of subtracting the amount of 1aC fixed in the dark from that fixed in the light to yield 'primary productivity' (Morris, 1974 (Morris, , 1982 . Earlier, Morris et al. (l97la) had made the empirical finding that the ratio of light to dark 1aC fixation increased with phytoplankton concentration and although the biochemical basis for this relationship was not known, they suggested that dark CO2 fixation could contribute to the production of biomass. More recently, Legendre et al. (7983) have confirmed and extended these ideas.
In natural plankton populations, dark 1aC fixation may be due not only to phytoplankton but also to bacterioplankton; the interpretation of results is therefore more difficult than in studies of pure algal cultures (Morris e/ a/., 1971a; Legendre et a1.,1983) . In field measurements, it is not uncommon for values of dark 14C fixation to approach, or sometimes exceed those of light 14C fixation (Taguchi and Platt, 1977; Gieskes et aI.,7979; Peterson, 1979) . This is especially prevalent in oligotrophic waters (Morris et al. , 1971.a; Ignatiades et al. , 1987) and towards the base of the euphotic zone (Saijo and Takesue, 1965; Brouardel, 1971; Taguchi, 1983) . Furthermore, the highest rates of dark 1aC fixation are generally found in the picoplankton size class (Saijo and Takesue, 1965; Ward, 1984) . At low latitudes, there can be significant fixation of 1aC at night (Li et a|.,1983; Herbland et al.,1985; Li,1986; Taguchi et aI.,7988). In this paper, I describe experiments that consider the growth and activity of non-photosynthetic bacteria in relation to the uptake of 1aC by the plankton assemblage as a whole. The experiments were performed on plankton sampled near the base of the euphotic zone (which is also near the subsurface chlorophyll W.f:.W.Li and P.M.Dickie maximum) in the oligotrophic Atlantic so as to minimize the ratio of light to dark 1aC uptake. No attempt was made to distinguish the 14C taken up by algae, heterotrophic bacteria or chemoautotrophic bacteria. For contrast, an experiment was also performed on a sample collected in surface water at the continental slope giving a higher light to dark ratio. The results reinforce the idea that in dimly-lit oligotrophic waters, bacterial growth is a significant factor influencing the magnitude of dark lac in incubations lasting more than a few hours.
Methods
Seawater was collected on CSS Hudson cruise 87-022 at six sites in the North Atlantic Ocean (Figure 1 ) during June and July 1987 using a pump sampler system (Herman et al. , L984) . Five of the six sites were in the oligotrophic central ocean: stations 1,03, 143,235 and 306 were essentially the same as stations Nashville, Indigo, Yakutat and Purple respectively described elsewhere (Li and Wood, 1988) and station 6 was not significantly far from 103. At these oceanic sites, samples were collected from or near the depth of the subsurface chlorophyll a maximum (70-110 m-see Li and Wood, 1988) . For contrast, station 2 was located at the continental slope of Nova Scotia and the sample was collected much nearer the sea surface at 5 m. Water temperature and in situ fluorescence were profiled using a CTD (Guildline Model8705) Water received from the pump was immediately dispensed into a clear 4 I polycarbonate bottle (Nalge@) and two 500 ml polycarbonate bottles (Nalge@), one clear and one darkened by duct-tape. NaHr4CO. (58 mCi mmol-1, 2.5 mCi m1-1, ICN Radiochemicals) was added to the two 500 ml bottles at a final activity of 4 pCi ml 1 (stations 2, 6, 103) or B pCi ml-1 (stations 743, 235, 306) .
All three bottles were placed in a deck incubator in which solar irradiance was neutrally attenuated to a degree approximating the in situ condition of the sample (-50% surface irradiance at station 2 and -A.5-l% at the other stations). An unavoidable constraint of the experimental set-up was that the incubators had to be cooled by surface seawater, the temperature of which was usually between 2 and 4'C above in situ, but -7"C above in situ at the southernmost station 306. Subsamples were removed from the 4 l bottle in timecourse fashion to determine particulate chlorophyll a (Chla) (Holm-Hansen er aI.,1965) and bacterial abundance (Porter and Feig, 1980; Li and Dickie, 1984) .
At the same time, subsamples (10 ml) were removed from the radiolabelled 500 ml bottles and filtered (Nuclepore@ 0.2 pm) to determine particulate 1aC.
At intervals of -3 h, additional subsamples (10 ml) from the 4 I bottle were transferred into three pairs of borosilicate scintillation vials (20 ml capacity), each pair consisting of a clear and a dark vial. The first pair of vials received NaH11CO, to the same level of activity as in the 500 ml bottles. The second pair of vials was used to determine bacterial heterotrophic activity; it received a 3Hlabelled r-amino acid mixture (240 mCi ffig-1, 1 mCi m1-1, ICN Radiochemicals) at a final level of 0. i pCi ml-1 (4I7 ng l-1). The third pair of vials was used to determine bacterial growth; it received [methyl-3H] thymidine (62 Ci mmol-1, 1 mCi ml-1, ICN Radiochemicals) at a final level of 1.24 p.Ci ml-1 (20 nM). All six vials were incubated on deck for 30 min and then filtered (Nuclepore@ 0.2 pm) to determine particulate radioactivity.
All filters were rinsed with freshly-filtered seawater. Those labelled with l4C and 3H-amino acids were dissolved in 0.5 ml Protosol@ (55"C, 10 min), cooled, acidified (50 pl glacial acetic acid) and counted in 10 ml of liquid scintillation fluor (BDH Chemicals). Filters labelled with [3H]Tdr were extracted in 5Vo trichloroacetic acid (0'C, 30 min) to which 1 mg of deoxyribonucleic acid was added to promote precipitation of TCA-insoluble materials (Karl, 1982) . The precipitated material was refiltered (Nuclepore@ ,0.2 pm), washed with cold 5Vo TCA and rinsed with ethanol before treatment as above for the 1aC and 3Hamino acids labelled filters. Scintillation counts were corrected for quenching by external standards ratio.
Due to the large number of experimental manipulations required by the timecourse protocol, it was not possible to perform time-zero blanks each time a 30 min pulse incubation was carried out. For this reason, the results could not always be corrected for time-zero values and I follow others (Morris et al., s31 1977a, b; Legendre et aI.,1983) in reporting 1aC results in radioisotopic rather than mass units.
Calculation of specific rates of increase
For bacterial cell numbers (N) that changed with time (r) from an initial value of N6, equation (3) of Li (1984) was used to estimate the specific net growth rate (p") over periods when N appeared to increase exponentially:
For the accumulation of 1aC over time (S*,) in the dark bottle, equation (14a) of Li (1984) was used to estimate the specific rate of increase (p"):
where and a is the specific activity of carbon (d.p.m. taC Lrg C-'), No is the number of cells ml-l at the start of the incubation, and C is the number of cells per unit carbon derived from dark fixation. Using a value of 20fgC bacterium-1 (Lee and Fuhrman, 1987) , and 0.06 as the proportion of cell carbon derived from inorganic carbon fixation (Romanenko, 7964; Romanenko et al., 1972) , the value of C is 8.3 x 101a cells g-1 C derived from dark fixation.
For short-term uptake rates of 3H-amino acid or incorporation rates of [3H]Tdr, equation (13a) of Li (1984) was used to estimate the specific rate of increase (p): : 9p(e*') where (dS-/d0 is approximated by the measured amount of cellular radioactivity taken up during the 30 min pulse.
Results
Although six experiments were performed, the results of only three will be presented in detail. Station 2 (surface sample on the continental slope) was ihosen for the contrast it would provide to the deep open ocean samples at the other five stations. Station 6 represented the group of four stations (including 703,143 and,235) north of the sub-tropical front (surface temperature -22"C) in the region of the New England and Corner seamount chains. Station 306 was south of the front (surface temperature -26'C) away from the seamounts. The water column structure and vertical distributions of ultraphytoplankton, Chla (Li and Wood, 1988) . Briefly, the ultraphytoplankton consisted chiefly of unicellular cyanobacteria, various eukaryotic algae ranging in size from <2 to 10-20 pm, and an unidentified group of small (<1 pm), weakly red-fluorescing cells present in great numbers (101-10s ml-'),likely corresponding to the free-living prochlorophytes identified by Chisholm et a/. (1988) . At the deep open ocean stations, the depth of the chlorophyll maximum (which was sampled for the experiments described here) coincided rvith the depth of maximum eukaryotic ultraphytoplankton abundance. Cyanobacteria and DAPI-stained bacteria achieved their maximum abundance at depths above the chlorophyll maximum (Li and Wood, 1988) .
For the 5 m sample at station 2 ( Figure 2 ), Chla declined continuously over 25 h from 0.5 to 0.03 pg I 1; in spite of this, accumulation of 1aC in the clear bottle appeared vigorous even during the second photoperiod. Bacterial abundance and activity (uptake of 3H-amino acids and incorporation of [3U]lldr) did not increase until after the start of the second photoperiod. Accumulation of 1aC in the dark bottle also started to increase at this time.
For the 90 m sample at station 6 ( Figure 3 ), Chla declined continuously from 0.4 to 0.1 pg l-1 over the 33 h experiment. Again, in spite of this, 1aC accumulation in the clear bottle was equally rapid in the first and second photoperiods. Accumulation of 1aC in the dark bottle increased throughout the experiment and its time-course paralleled that in the light bottle during the second photoperiod. The rate of dark 14C fixation, judged by short-term pulsed uptake, was lower than that of light 14C fixation in the first photoperiod but roughly equal to it in the second photoperiod. Over the course of this experiment, bacteria increased from 0.3 to 0.6 x 106 cells mi 1 and the activities of both 3H-amino acids and 13U1far also increased during this time.
For the 110 m sample at station 306 (Figure 4 ), Chla declined only slightly from 0.23 to 0.17 pg I t over 33.5 h. Bacteria decreased from 0.31to 0.20 x 106 cells ml-1 during the first photoperiod but then increased to 0.55 x 106 cells ml-1 over the ensuing dark period and second photoperiod. Light and dark 1aC accumulation, 3H-amino acid and 13fflfar activities all increased throughout the experimental duration. The rate of 1aC fixation in short-term pulsed uptake was lower in the dark than in the light during the first photoperiod but these rates were almost equal during the second photoperiod.
At none of the stations was there any significant difference between bacterial processes (3H-amino acid uptake and [3U]Tdr incorporation) occurring in the clear and dark bottles (Figures 2-4) . Figure 5 compares the time progression of the ratio of dark with light 14C accumulation at the three stations. At station 2, the ratio was <0.05 except during the second photoperiod when it rose to 0.15. At station 6, the ratio started at 0.2 and increased to -0.8 by the second photoperiod. At station 306, except for one apparently anomalous data point, the ratio had a value of 0.5 t 0.1. Figure 6 compares the specific rates of increase of bacterial cell number and bacterial processes with the specific rate of increase in dark 1aC uptake. Values 
Discussion
The work of many others, in particular Glover, Prdzelin and co-workers, has given us much-needed information about the abundance, distribution and photosynthetic physiology of important ultraphytoplankton groups in the northwest Atlantic Ocean (Glover et aI.,1985a (Glover et aI., , b, 1986a (Glover et aI., , b, 1988a Glover and Smith, 7988; Pr€zelin et al., 1986 Pr€zelin et al., , 7987 ,1989 . However, none of the recent work has focused on the issue of dark 1aC uptake. The idea that growth of nonphotosynthetic bacteria may have a significant influence on the accumulation of 1aC in plankton during productivity experiments in oligotrophic waters was put forward by Jones et al. (1958) . Recently, this has been re-emphasized by calculations based on newer data (Li, 1986) and measurements based on newer techniques (Harris, 1987) . In the original experiments of Jones et al. (1958) which seem to be cited infrequently, the authors showed that in the tropical Pacific Ocean, bacterial populations in productivity bottles grew quickly and that after about 16 h, 'C'o fixation proceeded at about the same rate in the dark and in the light' (Figure 8 ). Calculations indicated that at 24 h,79Vo of the 11C in the dark could be attributable to bacteria via the Wood-Werkman reaction. Jones e/ al. (1958) were aware that the pour-plate method which they used grossly underestimated the total number of bacteria, at least in the early stages of the incubation-since the percentage of total bacteria that can be cultured increases with duration of confinement in a bottle (Ferguson et al., 1984) . Furthermore, Jones et al. (7958) had no measurement for the metabolic intensity of bacteria that were active. Using the newer methods of epifluorescence microscopy and radioisotopic labelling with 3H-amino acids anO [3U]tdr, I have shown the importance of bacteria in planktonic 1aC fixation. The r6le of bacteria in this regard is especially important when phytoplankton photosynthesis is weak, as is the case when light is limiting in the lower part of the euphotic zone. Under this condition, my calculations indicated a rough equivalence in the specific rate of increase in the bacteria incorporating [3H]Tdr, in bacteria taking up 3H-amino acids, and in plankton taking up'oC in the dark (Figure 6 , stations 6 and 306)' This does not necessarily imply that the bacteria incorporating [3Fl]far or taking up 3H-amino acids would be all of the plankton fixing 1aC. Indeed, the proportion of total bacteria that utilize exogenous amino acids and thymidine is variable and usually much less than L (Douglas et aI.,1987) . Furthermore, the s39 Dark 0.0 indices of heterotrophic processes do not account for any chemoautotrophic bacteria which must likewise take up 1aC.
My calculations also indicated that the observed net increase in bacterial abundance was of a magnitude roughly appropriate to account for the measured fixation of 1aC in the dark at stations 6 and 306 (Figure 7 ). This conclusion does not indicate that 14C was not taken up by algae in the dark; rather, it appears that the amount was probably small in comparison with that taken up by bacteria. In this respect, the total number of bacteria counted by epifluorescence microscopy would include both heterotrophs and chemoautotrophs. At station 2, the calculated values overestimated the measured values by a factor of -12 ( Figure 7 ). If we assume that the observed fixation of 1aC in the dark was due mainly to heterotrophic bacteria, then it would be possible to rationalize the overestimate on the basis of (i) a lower proportion of cell carbon derived from inorganic carbon fixation or (ii) a lower per cell bacterial carbon biomass.
With respect to the first, there is ample evidence that the so-called 'Romanenko factor' is variable, dependent on the nature and concentration of organic substrates as well as bacterial growth phase (see Li.1982 for references) .
Values of this factor <0.05 (which is required to match calculated and measured values) have in fact been previously reported (Overbeck and Daley, 1973; Overbeck, 1974 Overbeck, , 1979 . With respect to the second, there is some uncertainty regarding the carbon:biovolume ratio for planktonic bacteria but the range of uncertainty appears to be only -5-fold (Bratbak and Dundas, 7984; Bratbak, 1985; Nagata, 1986;  Kogure and Koike, 7981 Lee and Fuhrman, 1987) . The carbon:biovolume ratio appears to be negatively correlated with average ce_ll volume in such a way thii the average per cell carbon biomass (fg C cell-l) remains relatively constant (Lee and Fuhrman, 1987) .
There is little dispute that there can be measurable growth of bacteria in bottles over the course of a typical primary production incubation. Unenriched seawater contains sufficient dissolved organic matter to support growth at rates of over a doubling per day (Ammerman et al . , 7984) . For this discussion, we are not primarily concerned with whether growth in the bottle reflects growth in situ.
There is evidence that it may not always do so. When seawater is incubated in small bottles for durations of more than a few hours, the dynamics of bacterial growth can be different from what they are in situ (Ferguson et al., 1984) .
Furthermore, there is also evidence that bacterial respiration can be enhanced in bubbled seawater: labile, organic-rich aggregates are formed when bubbles coated with coagulated organic material either dissolve or burst at the air-sea interface (Kepkay and Johnson, 1988) . We would expect seawater that is sampled and dispensed by conventional means to be bubbled to some degree, although the size of bubbles (which is an important consideration) may differ from that in the Kepkay-Johnson experiments. Harris (1987) remarked that 'the formation of particulates is stimulated by any form of mixing or shaking of the sample' and that high dark 1aC values are due to growth of bacteria on particulates.
The decrease of Chla over time (Figures 2-4) is a feature commonly noted in productivity experiments. Elsewhere (Li, 1989) , I have shown that at the s40 laC uptake and bacteria Nashville seamount (near station 103), this decrease was accompanied by a large decline in the number of eukaryotic ultraphytoplankters, but not cyanobacteria. Gieskes et al. (1979) suggested that the small size of incubation bottles had much to do with algal mortality, either through enhanced destruction of pigments, contact with wall surfaces, or disruption of trophic interactions. Marra et al. (1988) attributed the decline of Chla to the detrimental effect of an unavoidable supraoptimal incubation temperature. None of these possibilities can be ruled out for the experiments reported here. However, it is likely that supraoptimal temperature was not the overriding influence since the largest difference between incubation and in situ temperature (-7"c) was at station 306 where the decline of Chla was the least (Figure 4) . The point of interest, as noted by Marra et al. (1988) , is that 11C fixation (d.p.-. ml-1) can appear to be quite vigorous even at very low levels of Chla.
If we accept that conventional methods of sampling and incubating plankton can lead to significant bacterial growth contributing to dark 1ac fixation, how then should we view the measurements of 1ac fixation in the light? on the basis of the similarity in rates of 3H-amino acid uptake or [3H]tdr incorporation in clear and dark bottles (Figures 2-4) , it would be logical to assume that in this set of experiments, fixation of inorganic carbon by bacteria occurs identically in the clear and dark bottles. The appearance of 1aC in particulate material is relatively modest in the first few hours because of the large difference in intracellular and extracellular specific activity (Smith, 1982) . The approach to isotopic equilibrium can be explicitly defined (Taylor and Jannasch, 1976; Welschmeyer and Lorenzen, 1984) and cells are 75vo unlformly labelled in two generations. with intrinsic doubling times of -7 h for the bacteria (f-r -0.1 h-1for 13U1tdr, Figure   6 ), it can be seen that after -1.4h, the bacterial populations would have been approaching uniform labelling.
In conclusion, it appears that the interpretation of primary productivity experiments would be least difficult if incubations do not extend beyond a few hours. This minimizes the complications of declining Chla and increasing bacterial abundance. Should dark 1aC values be subtracted from light 14C values? There does not yet appear to be a simple answer. At the root of this question is whether, in general, bacterial processes proceed identically in clear and dark bottles. For the experiments described in this paper, the answer might be a tentative yes. However, there are indications, experimental and speculative, that in some cases, bacterial activity may be significantly different in the light and dark (Li, 1986 and unpublished results). If inorganic carbon fixation by bacteria is less intense in the light, then the r61e of dark fixation by algae becomes more prominent. We are still left with Morris' concern of whether such carbon fixation contributes significantly to the net production of algal biomass (Morris, 1980) . roots in discussions with Ian 10 years ago at the Bigelow Laboratory for Ocean Sciences. Drs T.Platt, P.E.Kepkay and W.G.Harrison offered comments on the manuscript.
